Radionavigation first appeared in the United States as radio direction finding experiments carried out by the U.S. Bureau of Standards in 1912 and 1913.l These experiments resulted in a practical demonstration of radio direction finding using signals from a spark gap transmitter located at the Navesink Lighthouse in New Jersey. This demonstration was conducted jointly by the U.S. Lighthouse Service and the Bureau of Standards in January 1917. Development of radionavigation was suspended during World War I and further testing was not conducted until 1919.
The first operational radionavigation system was available for public use on May 1, 1921. It was a Radio Fog signal (also known as a Wireless Fog signal) transmitted from spark gap transmitters installed at the Sea Girt Lighthouse in New Jersey and on the Ambrose and Fire Island Light ships at the entrance to New York Harbor.
This radio direction finding system, now known as the Marine Radio Beacon System, has become the cornerstone of maritime navigation. There are now 201 Marine Radio Beacon Transmitting Sites in the United States and there are more users of the Marine Radio Beadon System than of any other radionavigation system. ' The durability of the Marine Radio Beacon System is a characteristic not inherent in the multitude of other radionavigation systems that are now or have been used. An excellent example of how technology has made a radionavigation system obsolete is the short history of the L O W -A system.
The concept for LORAN-A was first proposed by the U.S. Army Signal Corps in 1940 as a precision navigational equipment €or guiding airplanes. LORAN The shut down of one radionavigation system in favor of a more advanced one should not be considered an unusual phenomenon.
The United States operates four major radionavigation systems that benefit the civil maritime community. They are LORAN-C, OMEGA, Marine Radio Beacons and the Navy Navigation Satellite System (TRANSIT).
The NAVSTAR Global Positioning System (GPS) is being readied by the Department of Defense for full operation in 1988. GPS offers an alternative radionavigation system that could replace some or all of the systems now in use. 
The President, in conjunction with government agencies which will or may be affected by the development of a government-wide radio navigation plan, shall conduct a study of all government radio navigation systems to determine the most effective manner of reducing the proliferation and overlap of such systems. The objective of such study shall be the development of such a plan."
The President shall transmit a report to the Congress no later than 12 months after the date of the enactment of this title relating to the study conducted under subsection (a) of this section. Such report shall contain a detailed statement of the findings and conclusions of such study, any action taken by the President related to such findings and conclus i o n s , and any recommendations of the President for such legislation or other action as the President considers necessary or appropriate for implementation of a government-wide radio navigation plan."
This legislation resulted in the formation of a joint Department of Transportation (DOT) and Department of Defense (DOD) Navigation Council to formulate the Plan. The Plan enacted as a result of the Navigation Council's work is known as the "Federal Radionavigation Plan." This plan outlined all federal efforts in the area of radionavigation and specified a procedure to set policy to reduce the proliferation of radionavigation systems. The procedure calls for the Secretaries of Defense and Transportation to make a joint Policy statement establishing a preliminary selection of the post 1995 mix of radionavigation systems in 1983. The procedure requires the policy to be finalized in 1986.5 Figure 1 illustrates the steps in this planning process.
The preliminary selection of the post 1995 mix of federally operated radionavigation systems takes into 
SELECTION OF INITIAL RADIONAVIGATION SYSTEMS MIX F I N R E 1 c o n s i d e r a t i o n c u r r e n t e f f o r t s t o d e v e l o p t h e GPS system.
The s e l e c t i o n c o n c e n t r a t e s on d o m e s t i c c i v i l u s e r o r i e n t e d s y s t e m s .
The need for overseas systems, o p e r a t e d b y t h e U n i t e d S t a t e s f o r n a t i o n a l d e f e n s e , is d e c i d e d s o l e l y on DOD requirements.
The need f o r t h e o v e r s e a s LORAN-C system, for example, has been determined on t h e b a s i s of DOD requirements.
Assuming t h a t GPS becomes o p e r a t i o n a l i n 1 9 8 7 , t h e United States plans to withdraw support for overseas LORAN-C on the following schedule: N o r t h A t l a n t i c I n the remainder of t h i s p a p e r , I will d i s c u s s t h e r a t i o n a l e f o r a s e l e c t i o n o f t h e p o s t 1 9 9 5 mix of c i v i l m a r i t i m e r a d i o n a v i g a t i o n s y s t e m s . I will discuss the requirements and i s s u e s , t h e i d e n t i f i c at i o n o f s y s t e m a l t e r n a t i v e s and the comparison of system a l t e r n a t i v e s .
I w i l l t h e n i n d i c a t e how t h e Departments of Transportation and Defense w i l l u s e t h i s d a t a t o d e v e l o p t h e s e l e c t i o n .
The radionavigation requirements of the marine u s e r c a n b e c a t e g o r i z e d u n d e r t h e o c e a n , c o a s t a l and harbor/harbor approach (HHA) phases of n a v i g a t i o n . .4lthough the requirements €or each of the phases of n a v i g a t i o n a r e d i f f e r e n t , i t i s p o s s i b l e t h a t t h e requirements for two o r more phases may be met by one radionavigation system.
The r e q u i r e m e n t s f o r s a f e t y of navigation for each phase can he summaried a s f o llows:6 -Oceanic requirements can generally be satisfied with p r e d i c t a b l e 2 t o 4 nm (2 drms) accuracy from a radionavigation system, although 1 t o 2 nm (2 drms) i s d e s i r a b l e . The maximum i n t e r v a l b e t w e e n f i x e s must be two h o u r s o r l e s s , b u t 1 5 minutes or less is d e s i r ab l e , and t h e s i g n a l s h o u l d b e a v a i l a b l e a t l e a s t 95% o f t h e time.
-In the coastal phase of radionavigation, the requirem e n t s f o r s a f e t y o f n a v i g a t i o n are .25 nm ( 2 drms
A d d i t i o n a l l y a v e s s e l must be a b l e t o o b t a i n a f i x a t least every 15 minutes. The r e p e a t a b i l i t y of a system also becomes much more imp o r t a n t i n t h e c o a s t a l p h a s e . T h i s r e q u i r e m e n t f o r r e p e a t a b i l i t y , however, stems more from a need t o achieve economic benefits than from n a v i g a t i o n s a f e t y . A d d i t i o n a l l y , U.S. r e g u l a t i o n s ( 3 3 CPR Part 164) c u r r e n t l y r e q u i r e s v e s s e l s of 1600 g r o s s t o n s o r more t o have a LORAN-C o r s a t e l l i t e n a v i g a t i o n r e c e i v e r i n s t a l l e d , b e f o r e e n t e r i n g U.S. p o r t s .
-The r e q u i r e m e n t s f o r s a f e t y o f n a v i g a t i o n i n t h e harbor/harbor approach phase vary from 8 t o 20 meters ( 2 drms) with a f i x a v a i l a b l e a t l e a s t e v e r y 10 seconds. These requirements stem from t h e need to navig a t e v e r y l a r g e v e s s e l s t h r o u g h c o n g e s t e d h a r b o r s and c h a n n e l s w i t h a p r e c i s i o n measured i n t e n s of f e e t .
The 20 meter figure could be met i n some harbors by LORAN-C, b u t i n most c a s e s would not be met by e x i s ting systems except in a d i f f e r e n t i a l mode.
It is d o u b t f u l t h a t t h e
8 meter (2 drms) requirements could be achieved even in a d i f f e r e n t i a l mode. These extreme accuracy requirements must be s a t i s f i e d by some type of s p e c i a l i z e d s y s t e m , r a t h e r t h a n a g e n e r a l purpose radionavigation system. The economic requirements of the marine user tend t o r e l e g a t e c e r t a i n s y s t e m s t o p a r t i c u l a r t y p e s of u s e r s . m i l e t h e l a r g e ocean-going vessel may d e r i v e economic b e n e f i t from long range ratlilmavigatton syst e m s , i n s p i t e of moderate accuracy or infrequent fix characteristics, the commercial fisherman or coastal t r a d e v e s s e l may b e u n a b l e t o t o l e r a t e t h o s e same c h a r a c t e r i s t i c s .
C o n v e r s e l y , good r e p e a t a b i l i t y , which is e s s e n t i a l t o t h e economic well being of the commercial fisherman and other groups, may be of l i m i t e d o r no economic b e n e f i t t o t h e l a r g e o c e a ngoing vessel. Apart from t h e s e o p e r a t i o n a l l y o r i e n t e d economic requirements are the system costs and u s e r equipment life-cycle costs. Large ocean-going vessels may have thousands of d o l l a r s b u d g e t e d f o r n a v i g a t i o n equipment, so t h a t f i f t e e n t h o u s a n d d o l l a r s f o r a n a v i g a t i o n r e c e i v e r is of l i t t l e concern.
In cont r a s t , some small commercial vessels such as fishing b o a t s c a n n o t a f f o r t a t h i r d of t h a t amount f o r t h e i r complete electronics package and must keep t h e i r n a v ig a t i o n r e c e i v e r c o s t down t o a few t h o u s a n d d o l l a r s a t most.
-The economic requirements can be roughly broken into the phases of n a v i g a t i o n . To p r o v i d e b e n e f i t s i n t h e ocean phase, requirements vary from 10 t o 460 meters (2 drms) with maximum f i x i n t e r v a l s v a r y i n g from 1 t o 5 minutes. Coastal phase requirements to provide b e n e f i t s v a r y from 1 meter ( 2 drms) for hydrography, s c i e n c e and r e s o u r c e e x p l o i t a t i o n , t o 460 meters (2 drms f o r most o t h e r u s e r s . C e r t a i n f i s h i n g o p e r a t i o n s require high repeatable accuracy from a system which e n a b l e s them t o r e t u r n t o t h e same l o c a t i o n w i t h o u t knowing its precise geographic coordinates. Harbor/ harbor approach requirements to provide benefits are d i f f i c u l t t o a s s e s s b e c a u s e of t h e v a r i a n c e from one harbor to the next.
The following systems are being considered for t h e f u t u r e mix of f e d e r a l l y o p e r a t e d r a d i o n a v i g a t i o n systems for marine users: -Marine Radio Beacons are used for coastal navigation a t s h o r t r a n g e s and f o r marking the harbor entrances. There are 201 of these operated by the Coast Guard, and l i t t l e growth is e x p e c t e d i n t h e i r numbers due t o radio frequency congestion.
-LORAN-C i s t h e f e d e r a l l y p r o v i d e d s y s t e m f o r t h e Coastal Confluence Zone (CCZ); i t s u s e o r t h a t of a s a t e l l i t e n a v i g a t i o n s y s t e m is r e q u i r e d by v e s s e l s over 1600 g r o s s t o n s e n t e r i n g U.S. p o r t s . It is used e x t e n s i v e l y by t h e f i s h i n g i n d u s t r y due t o its high r e p e a t a b l e a c c u r a c y of 1 8 t o 90 meters (2 drms).'
The u s e of d i f f e r e n t i a l LORAN-C can provide even greater a c c u r a c y f o r u s e i n h a r b o r s and i n l a n d w a t e r s .
-OMEGA provides 2 t o 4 nm (2 drms) accuracy and worldwide coverage for use as a general purpose en route navigation system. Use i n t h e d i f f e r e n t i a l mode may provide accuracy in t h e o r d e r of 0.25 nm (2 drms) a t a range of 50 nm,8 degrading to 1 nm (2 drms) a t 500 nm from t h e r e f e r e n c e m o n i t o r . D i f f e r e n t i a l OMEGA may be used to meet s p e c i f i c r e q u i r e m e n t s i n p o r t i o n s of t h e Coastal Confluence Zone. These areas include the Caribbean Sea and Alaska.
-TRANSIT provides 200 t o 500 meter (2 drms) to users worldwide.
It is a m i l i t a r y s y s t e m t h a t is a v a i l a b l e f o r c i v i l i a n u s e r s . The f i x r a t e f o r TRANSIT u s e r s can vary up to several hours depending upon t h e u s e r ' s l o c a t i o n .
-NAVSTAR GPS will provide worldwide coverage when o p e r a t i o n a l . I f f u l l a c c u r a c y from the Standard Positioning Service is provided, i t i s capable of meeting oceanic requirements and most coastal requirements. D i f f e r e n t i a l XAVSTAR GPS appears capable of providing t h e a c c u r a c i e s r e q u i r e d t o meet some additional requirements, but i t s a p p l i c a b i l i t y will be limited to the coverage area served by the reference monitor.
In making a technical comparison of marine radionavigation systems, it a p p e a r s b e n e f i c i a l t o make t h e comparison i n terms of the three phases of marine r a d i o n a v i g a t i o n .
Such a comparison is as follows:
Ocean---In the ocean phase of navigation, the mariner t y p i c a l l y u s e s (MEGA, TRANSIT, o r LORAN-C. It also feat u r e s worldwide coverage, but due t o r e l a t i v e l y low s a t e l l i t e o r b i t s and o r b i t a l p r e c e s s i o n , t h e c o v e r a g e i s not continuous.
Due t o t h o s e f a c t o r s ,
f i x r a t e v a r i e s from under an hour to several hours, depending on t h e u s e r ' s l o c a t i o n . LORAN-C, with i t s .25 nm (2 drms) accuracy and c o n t i n u o u s f i x r a t e , i s h i g h l y a t t r a c t i v e .
It cannot be considered a t r u e o c e a n i c system, however, since i t s coverage normally extends o n l y a few hundred miles o f f s h o r e .
NAVSTAR GPS, alt h o u g h n o t o p e r a t i o n a l l y t e s t e d a t t h i s t i m e , a p p e a r s t o h a v e t h e c a p a b i l i t y of meeting d l requirements for ocean phase radionavigation.
Coastal---In the coastal navigation phase, the marine u s e r is g e n e r a l l y a f f o r d e d t h e c h o i c e of LORAN-C, TRANSIT or Radio Beacons. Although OXEGA can be used, i t s accuracy is not adequate for the more congested i n n e r c o a s t a l a r e a s .
D i f f e r e n t i a l OMEGA does provide a c c u r a c y s l ; f f i c i e n t f o r c o a s t a l n a v i g a t i o n . The U.S. p r o v i d e s D i f f e r e n t i a l OMEGA s e r v i c e i n P u e r t o R i c o .
!J.S. o p e r a t e d D i f f e r e n t i a l OMEGA i s not expected to expand where i t would d u p l i c a t e LORAN-C coverage.
Because of i t s coverage and accuracy, LORAN-C is used e x t e n s i v e l y f o r c o a s t a l a r e a n a v i g a t i o n . TRANSIT can p r o v i d e s u f f i c i e n t a c c u r a c y f o r c o a s t a l n a v i g a t i o n , but the long periods between fixes in some a r e a s l i m i t i t s u s e f u l n e s s . R a d i o
Beacons g e n e r a l l y p r o v i d e twol i n e f i x c o v e r a g e w i t h i n 50 nm of t h e c o a s t . Again, WAVSTAR GPS, a l t h o u g h n o t o p e r a t i o n a l l y t e s t e d , app e a r s t o h a v e t h e c a p a b i l i t y of meeting most c o a s t a l phase radionavigation requirements. If, however, the SPS p o r t i o n of NAVSTAR GPS i s degraded to the currentl y proposed 100 meters ( 2 drms) l e v e l , t h e s y s t e m may n o t meet all of t h e c o a s t a l r e p e a t a b i l i t y r e q u i r ements.
Harbor/Harbor Approach---The r e q u i r e m e n t s f o r t h e HHA phase of navigation, although generally undefined, are considered to be more stringent than can be met by current radionavigation systems. While Loran-C can provide adequate accuracy i n some h a r b o r s , t h i s i s not g e n e r a l l y t h e c a s e . D i f f e r e n t i a l LORAN-C, o r p o s s i b l e d i f f e r e n t i a l NAVSTAR GPS, could provide adequate serv i c e f o r some HHA a p p l i c a t i o n s , b u t t h e y would r e q u i r e additional operator equipment, and impose a d d i t i o n a l c o s t s on both the system operator and user.
T h e r e a r e a l s o i n s t i t u t i o n a l i s s u e s t h a t h a v e t o b e c o n s i d e r e d i n comparing any group of radionavigat i o n s y s t e m s .
The major i n s t i t u t i o n a l i s s u e s a r e :
